In the preparation of a miniaturized rotor, a composite bonded magnet was fabricated by taking advantage of self-recoverability. A preformed magnet was synthesized by using incomplete three-dimensional network molecular structure which was formed under the optimum conditions at a temperature of 433 K, an alignment field of 1.4 MA/m, and a low compacting pressure of 50 MPa, respectively. The preformed ones were extruded and compressed into a ring-shaped magnet by using the self-recoverability at a pressure of 200 MPa and a temperature of 423 K under non-alignment-field. Through the process, a composite bonded magnet rotor in the shape of a ring could be prepared without a bonding layer. It was clarified that a 4 pole/6 slot DC brush less motor can be obtained by using the ring-shaped rotor comprising a parallel oriented anisotropic magnet with 7 mm in outer diameter, 158 kJ m 3 in (BH) max , and 6.2 Mg m 3 in density, respectively. Resultantly, the developed rotor enabled us to increase the S-T gradient by 1.75 times compared with that for a conventional isotropic Nd-Fe-B bonded magnet rotor with the same dimensions.
I. INTRODUCTION

I
SOTROPIC ring-shaped Nd-Fe-B bonded-magnets with the outer diameter and value of less than 25 mm and 80 , respectively, have been prepared by a melt-spinning method followed by a compacting technique and applied to various small motors for electronic devices. In addition, a development of anisotropic magnets with superior magnetic properties such as 160 in value are strongly required in order to reduce the current consumption and to achieve further miniaturization in a small motor. Although an adoption of an anisotropic rare-earth iron boride or a nitride material is one of promising methods for preparing radially-anisotropic ring-shaped magnets applied for small motors, it is generally said that a drastic reduction in the remanence occurs as the diameter of a radially-anisotropic multi-polarly ring-shaped magnet becomes smaller than 10 mm in outer diameter. Anisotropic bonded magnets, therefore, have not been used in small motors up to now.
In order to overcome the above-mentioned difficulty, we developed a new technique using the self-recoverability of a binder which enabled us to form the incomplete three-dimensional (3-D) network molecular structure. Through an investigation on the conditions to achieve the self-recoverability, we obtained an optimized one at a temperature of 433 K, an alignment field of 1.4 MA/m and a compacting pressure of 50 MPa, respectively [1] , [2] . The range of the properties in the obtained preformed magnets was 156-180 in and 6.1-6.2 in density. Subsequently, the preformed magnets were transformed into a ring-shaped magnet by using the self-recoverability without an alignment field. Through the process, the magnetic properties did not degrade, and the anisotropic phenomenon agreed with the results shown in previous reports [3] - [6] .
In this report, we succeeded in the miniaturization of a ringshaped magnet rotor up to 7 mm. It was also found that an increase in the alignment degree enables us to enhance remanence together with the value as the coercivity value of a Sm-Fe-N fine powder is lower than that of a Nd-Fe-B particle.
We further evaluated the characteristics of a 4 pole 6 slot DC brushless motor with the obtained rotor compared to those of a conventional isotropic Nd-Fe-B bonded magnet rotor with the same dimensions. Consequently, we clarified that the parallelaligned anisotropic magnets prepared by using the self-recoverability can be applied to a miniaturized DC brushless motor comprising a multi-polarly magnetized rotor.
II. EXPERIMENTAL PROCEDURE
A. Materials
Starting materials were six Reduction and Diffusion (RD) Sm-Fe-N fine powders (2-3 m in particle size, 0.77-1.01 MA/m in intrinsic coercivity, , and 1.22-1.28 T in remanence, ) [7] and one Hydrogenation, Disproportionation, De-sorption, and Re-combination (HDDR) Nd-Fe-B particle (100 m in average particle size, 1.15 MA/m in intrinsic coecivity, , and 1.32 T in remanence, ) [8] . Solid epoxy-oligomer, linear polymer (polyamide), and imidazole-adduct incomplete was used to form a 3-D network molecular structure. In addition, pentaerythritol-stearic-triester was used as a slip-agent. In order to prepare a preformed magnet and a miniaturized rotor magnet, respectively, the self-recoverable binder system was formed by taking advantage of all the above-mentioned organic matter. magnet and consolidated into ring shaped magnet rotor, the macromolecular-chain in a linear polymer was not in the gelation state and synthesized an incomplete 3-D network for self-recoverability at an elevated temperature.
B. Preparation Processes
The detailed mechanism was as follows. The compound (volume ratio of the Sm-Fe-N and Nd-Fe-B was 4:6, and those magnetic material including 80.7 vol. % was compacted into a performed magnet under a pressure of 50 MPa at an elevated temperature of 433 K. In the processing stage, the two kinds of magnetic materials in the compound were aligned by applying a transverse magnetic field of 1.4 MA/m during the compaction. During the process, the cross-linking point was formed with the main cross-linking reaction by using epoxy group and imidazole-adduct together with the side reaction by using epoxy group and amino active hydrogen (-NHCO-) of poly-amide. The majority of macromolecular-chain of poly-amide, however, was not in the gelation state and synthesized the incomplete 3-D network molecular structure for self-recoverability as shown in Fig. 1. In addition, Figs. 2 and 3 show the microstructure in matrix of above-mentioned incomplete 3-D network molecular structure schematically, together with a two kinds of flow pattern of macromolecular-chain during deformation.
Subsequently, the obtained preformed magnets were extruded and compressed into a ring-shaped magnet by using the self-recoverability based on the incomplete 3-D network under a pressure of 200 MPa at an elevated temperature of 423 K without an alignment field.
In the final step of the preparation process, cross-linking reaction of binder was carried out through the heating process at 453 K for 20 min in air. The rigid ring-shaped magnet rotor could be prepared from the preformed magnets. Through the process, we fabricated a preformed magnet and a parallel aligned 4-poles magnet rotor as shown in Fig. 4 . The intended dimensions of the magnet were 7 mm in outer diameter, 3.8 mm in inner diameter, and 22.5 mm in length, respectively.
The self-recoverability, an alignment degree, a magnetic and the mechanical properties as well as DC motor characteristics were evaluated.
III. RESULTS AND DISCUSSION
A. Mechanical and Magnetic Properties
Figs. 5 and 6 show the schematic representation of the cure-last meter method for observation of self-recoverability of a prepared magnet, together with changes in oscillation torque during cross-linking reaction under pressure of 98 kPa. In addition, a conventional isotropic Nd-Fe-B based epoxy resin bonded magnet (without macromolecular-chain) and a phenol resin-based compression molding compound were evaluated for comparison. As seen in the Fig. 6 , observed torque of the compression molding compound rises with progress of the cross-linking reaction after gelation, and saturated by the end of cross-linking reaction. On the other hand, as for the epoxy resin bonded magnet with complete 3-D network molecular structure, observed torque deteriorates by oscillation after the cross-linking reaction. This decrease of the torque was attributed to the mechanical damage of the slit part of a sample. However, when a composite bonded magnet had an incomplete 3-D network molecular structure, observed torque did not deteriorate even if their cross-linking reaction was final stage as shown in Fig. 5 . This fact was attributed to the self-recoverable binder system.
The bending strength of the composite bonded magnet reached 30 MPa at room temperature even if their magnets had bonding layers. It was found the bonding layer does not become a mechanical defect by using self-recoverable binder system. The fractured surface of an obtained magnet was examined with a scanning electron microscope (SEM), and the observed surface was shown in Fig. 7 . Two kinds of magnetic material were uniformly distributed with good compatibility, suggesting that Nd-Fe-B particles were integrated together with Sm-Fe-N fine powders with a good hybridization. In addition, the bonding layer was not observed. These results indicated the optimized material design including incomplete 3-D network and processes. It was confirmed that the mechanical properties of a magnet including the bonding layers prepared from plural preformed magnets were invulnerable to apply them to a miniaturized rotor. Further investigation on the magnetic properties prepared by various Sm-Fe-N fine powders was carried out. In order to evaluate magnetic properties with a B-H tracer, cubic specimens with 7 mm in size were fabricated by using the same process to obtain the preformed magnet. Fig. 8 shows an alignment degree, , and of composite bonded magnet as a function of a ratio of coercivity, . Here, was fixed at 1.15 MA/m and varied from 0.77 MA/m to 1.01 MA/m. It was found that an increase in the alignment degree enables us to enhance remanence, , together with as the coercivity value of a Sm-Fe-N fine powder, , is lower than that of a Nd-Fe-B particle . For example, an alignment degree reached 0.98 as a coercivity value of Sm-Fe-N fine powder was 0.77 MA/m. It was clarified that 1.025 T of remanence and 180 of a can be achieved.
We, further, evaluated that the changes in magnetic properties during deformation process with a B-H tracer, cubic and rectangular specimens with approximately 7 mm in size were fabricated by using the same processes for the rotor magnet. Here, the rectangular specimen reduced cross section of the pressure axis direction before deformation. Typical magnetic properties of the cubic and rectangular magnets were displayed in Table I . Through the comparison with the magnetic properties between the preformed magnet and final obtained magnet, the deterioration was not detected through the above main process even if the magnets were deformed to widen by 5% in the pressure axis direction.
B. Rotor and Motor Characteristics
The values of a static magnetic field for the obtained rotor with 7 mm in outer diameter (see Fig. 4 ) could be improved by higher than 143% compared with those of a conventional isotropic Nd-Fe-B bonded magnet rotor with the same dimensions. The ratio of the static magnetic field in the same magnetic circuit was proportional to the square root of the ratio of of the different magnet. Therefore, the above obtained rotor magnet kept with approximately 160 in value even if the magnets were miniaturized up to 7 mm in outer diameter. We, further, investigated the characteristics of a 4 pole 6 slot DC brushless motor comprising the composite magnet together with those of a conventional isotropic Nd-Fe-B bonded magnet rotor as shown in Fig. 9 and Table II. In one example, a starting torque and S-T gradient of the 4 pole 6 slot DC brushless motor could be improved by higher than 134% and by 175%, respectively, compared with those of a conventional one with the same dimensions. We, further, indicated that the direction of anisotropy can be controlled continuously by using a fixed alignment field together with a mechanical design of the preformed magnets, and their self-recoverability. It was clarified that the anisotropic composite bonded magnets prepared by using the self-recoverability can be applied to a miniaturized DC brushless motor comprising a multi-polarly magnetized rotor.
IV. CONCLUSION
In this study, the miniaturization of a ring-shaped magnet rotor by using self-recoverability could be achieved by taking advantage of the incomplete 3-D network molecular structure. The obtain results were as follows;
1) The bending strength of the magnet reached 30 MPa at room temperature even if their magnets had the bonding layers. 2) An alignment degree reached 0.98 when a coercivity ratio of was 0.67. It was also found that 1.025 T of remanence and 180 of can be obtained.
3) The values of a static magnetic field for the rotor with 7 mm in outer diameter could be improved by higher than 143%, and no deterioration of a was detected through the process. 4) The obtained composite magnets can be applied to a small DC brushless motor comprising a multi-polarly magnetized rotor.
